Abstract: Spinel copper ferrite (CuFe 2 O 4 ) and zinc ferrite (ZnFe 2 O 4 ) nanoparticles were synthesized using a sol-gel self-combustion technique. The structural, functional, morphological and magnetic properties of the samples were investigated by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Transmission electron microscopy (TEM) and vibrating sample magnetometry (VSM). XRD patterns conform to the copper ferrite and zinc ferrite formation, and the average particle sizes were calculated by using a transmission electron microscope, the measured particle sizes being 56 nm for CuFe 2 O 4 and 68 nm for ZnFe 2 O 4. Both spinel ferrite nanoparticles exhibit ferromagnetic behavior with saturation magnetization of 31 emug´1 for copper ferrite (50.63 Am 2 /Kg) and 28.8 Am 2 /Kg for zinc ferrite. Both synthesized ferrite nanoparticles were equally effective in scavenging 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) free radicals. ZnFe 2 O 4 and CuFe 2 O 4 nanoparticles showed 30.57%˘1.0% and 28.69%˘1.14% scavenging activity at 125 µg/mL concentrations. In vitro cytotoxicity study revealed higher concentrations (>125 µg/mL) of ZnFe 2 O 4 and CuFe 2 O 4 with increased toxicity against MCF-7 cells, but were found to be non-toxic at lower concentrations suggesting their biocompatibility.
Introduction
For some time, magnetic fine nanoparticles have been of major research interest because of their technological importance. Among the whole magnetic family, spinel type magnetic ferrites, MFe 2 O 4 (M = Mn, Ca, Mg, Zn, Ni, Co, Cd. etc.) [1] [2] [3] [4] [5] [6] , have great importance in electronic, magnetic and especially biomedical applications as well as in modern technologies. Spinel ferrites are used in a broad range of applications; magnetic refrigeration, Ferro fluids, high density recording, spintronics,
Experimental Section

Preparation of CuFe 2 O 4 and ZnFe 2 O 4 Nanoparticles
Analytical grade copper nitrate (Sigma-Aldrich Corporation, St. Louis, MO, USA), ferric nitrate (Sigma-Aldrich Corporation, St. Louis, MO, USA) and citric acid (Sigma-Aldrich Corporation, St. Louis, MO, USA) were purchased from Aldrich chemicals. Copper nitrate and ferric nitrate in the molar ratio of 1:2, and citric acid in the ratio of 1:1 with nitrates were dissolved in a minimum amount of ethanol (Systerm, Shah Alam-40150, Selangor Darul Ehsan, Malaysia). A suitable amount of oleic acid (Sigma-Aldrich Corporation, St. Louis, MO, USA) was added to the solution. The solution was stirred for 4 h at room temperature and kept in a vacuum rotary evaporator (Renetech, Semenyih, Selangor Darul Ehsan, Malaysia) at 60-80˝C to remove surplus water. The gel was heated at 150˝C in a hot air oven for 24 h. A brown color (CuFe 2 O 4 ) powder was obtained. The same procedure was followed for ZnFe 2 O 4 nanoparticle preparation, but we used zinc nitrate instead of copper nitrate.
Characterization
X-ray diffraction pattern of the calcined powder sample was carried out by X-ray diffractometer (PANalyticalX'pert pro, Department of Marketing and Communications, Almelo, The Netherlands) with CuKα radiation at 45 kV and 40 mA (k = 0.15406 nm) in a wide range of 2θ (20˝ď 2θ ď 70˝). The functional groups of copper ferrite and zinc ferrite powders were investigated in the 400-4000 /cm range with a Thermo Nicolet 6700 Fourier transform infrared spectrometer (FTIR, Thermo scientific, Waltham, MA, USA). The particle morphology observation of the specimen was performed using a Transmission electron microscope (TEM, JEM 3010-JEOL, Sollentuna, Sweden) with an accelerating voltage of 200 kV. The magnetic characteristics of the specimen were measured at room temperature, with a maximum field of 20,000 Gauss using a Lakeshore vibrating sample magnetometer (VSM) (LakeShore 7407, Lake Shore Cryotronics, Inc, Westerville, OH, USA).
Antioxidant Activity (Evaluation of DPPH Free Radical Scavenging Activity)
The antioxidant activity of CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles was evaluated by means of 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH) free radical scavenging assay [34] . In brief, varied concentrations of CuFe 2 O 4 or ZnFe 2 O 4 nanoparticles (25, 50, 75, 100 and 125 µg/mL) were added to 10 mL of 0.1 mM DPPH (Sigma-Aldrich, St. Louis, MO, USA) solution and placed under dark at room temperature for 30 min to facilitate the reaction. Thereafter, using ethanol as blank, the absorbance was recorded at 517 nm wavelengths. The experiment was conducted in a similar manner using ascorbic acid (Sigma-Aldrich, St. Louis, MO, USA) as standard. Scavenging activity was determined based on the absorbance i.e., the lower the absorbance, the higher is the scavenging activity. The percentage inhibition of free radicals was calculated based on the formula given below:
% inhibition
Control OD´Sample OD Control ODˆ1 00 (1)
Evaluation of Cytotoxicity Activity
We evaluated the cytotoxic effect of CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles on the human breast cancer cell line (MCF-7) as described previously by Swamy et al. [35] . Briefly, the cells were cultured on DMEM (Dulbecco's Modified Eagles Medium) (Sigma-Aldrich, St. Louis, MO, USA) added with L-glutamine (2 mM) (PAA Laboratories GmbH, Pasching, Austria), penicillin (100 U/mL) (Sigma-Aldrich, St. Louis, MO, USA), streptomycin (100 µg/mL) (Sigma-Aldrich, St. Louis, MO, USA) and fetal bovine serum (10%) (PAA Laboratories GmbH, Pasching, Austria). Approximately 5ˆ10 4 cells were inoculated in each well of 96-well plates (Nunc A/S, Roskilde, Denmark, Denmark) and incubated in a carbon dioxide incubator (Contherm Scientific Ltd, Lower Hutt, New Zealand) maintained at 37˝C for 48 h. For the cytotoxicity test, the cells were challenged with CuFe 2 O 4 or ZnFe 2 O 4 nanoparticles (0, 15.625, 31.25, 62.5, 125, 250 and 500 µg/mL) and incubated for 24 h, 48 h and 72 h separately to study cell viability using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich, St. Louis, MO, USA). About 20 µL of MTT solution (5 mg/mL) was added to each well and further kept for 4 h of incubation under the same conditions and, using a multi-well ELISA plate reader (Bio-tech Instruments, Winooski, VT, USA), absorbance was recorded at 570 nm. The absorbance was converted to percentage of cell viability by using the following formula:
% of cell viability "
Values in the experimental samples Values o f optical density in control sampleˆ1 00 (2) 
where D is the average crystalline size of the particle, λ is the incident wavelength, θ is the Brags angle and β is the diffracted full width at half maxima. The CuFe 2 O 4 sample (Figure 1a) Figure 1a ,b represents the XRD pattern of the as synthesized CuFe2O4 and ZnFe2O4 nanoparticles. Respective diffraction peaks of hydrothermally synthesized CuFe2O4 sample peaks were observed and exactly coincide with the reported values (JCPDS file No.: 34-0425). The exhibited reflection peaks of diffraction planes were indexed from ZnFe2O4 (JCPDS 82-1042). The crystal size of the as synthesized powder samples was measured by using De-Bye Scherer's formula:
Results and Discussion
X-Ray Diffraction (XRD) Analysis
where D is the average crystalline size of the particle, λ is the incident wavelength, θ is the Brags angle and β is the diffracted full width at half maxima. The CuFe2O4 sample (Figure 1a) 
FTIR Spectra Analysis
The FTIR spectra of the calcined copper ferrite and zinc ferrite samples are shown in Figure 2a ,b. The wide band around 3425 in Figure 2a and 3447 in Figure 2b and absorption peaks at 1652 in Figure  2a and 1633 in Figure 2b correspond to the respective hydroxyl group [41, 42] . A sharp peak around 1388 cm −1 in both the spinel ferrites is attributed to the symmetric vibration of the NO3 − group [41] . The small absorption peaks around 2927 and 2855 cm −1 in zinc ferrite are ascribed to the anti-symmetric and symmetric-CH2-vibrations of the carbon chains [43] . Generally, the metal oxide vibrations occur below 1000 cm −1 [41] . Fe-O-H bending vibrations were observed at 797 cm −1 [44] . The little broad band that presents at 552 cm −1 is marked as Fe-O vibration [45] . 
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Morphological Analysis
The particle size, shape and morphology of the as-prepared nickel ferrite nanoparticles were investigated through Transmission electron microscope (TEM). Figure 3a ,b shows a typical TEM images of as synthesized CuFe2O4 and ZnFe2O4 nanoparticles. TEM images show that the CuFe2O4 and ZnFe2O4 nanoparticles have nearly spherical morphology, almost uniform size and distribution. The average particle size is found to be 56 nm for CuFe2O4 and 68 nm ZnFe2O4, respectively. Spinel ferrite particles generally have a spherical shape with smooth surfaces and a narrow size distribution [41, 46] . 
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The particle size, shape and morphology of the as-prepared nickel ferrite nanoparticles were investigated through Transmission electron microscope (TEM). Figure 3a ,b shows a typical TEM images of as synthesized CuFe2O4 and ZnFe2O4 nanoparticles. TEM images show that the CuFe2O4 and ZnFe2O4 nanoparticles have nearly spherical morphology, almost uniform size and distribution. The average particle size is found to be 56 nm for CuFe2O4 and 68 nm ZnFe2O4, respectively. Spinel ferrite particles generally have a spherical shape with smooth surfaces and a narrow size distribution [41, 46] . Figure 4a ,b shows the room-temperature magnetic hysteresis loops of the CuFe2O4 and ZnFe2O4 nanoparticles prepared by the sol-gel self-combustion technique. The Magnetic hysteresis (M-H) curve gives the information about the magnetic parameters such as saturation magnetization (Ms) and coercivity (Hc). Normally, the magnetization in spinel ferrites arises due to the difference in the magnetic moments of cations which are distributed in the octahedral and tetrahedral sites. From the literature review data, when the particle diameter is 50 nm or less, the particles appear to have superparamagnetic character. However, in our case, particle size is found to be 56 nm for CuFe2O4 and 68 nm ZnFe2O4, respectively. Both copper ferrite and zinc ferrite samples exhibit ferromagnetic behavior (see inset Figure 1a ,b) at room temperature with saturation magnetization for ZnFe2O4 (28.8 Am 2 /Kg) and CuFe2O4 (50.63 Am 2 /Kg), respectively. The low value of Ms in both samples is due to the presence of very small sized particles. Generally, magnetic properties varied by varying the particle size, shape and crystallinity, etc. The observed value of saturation magnetization for ZnFe2O4 (28.8 Am 2 /Kg) was significantly lower than the reported bulk MgFe2O4, CuFe2O4 and NiFe2O4 spinel ferrites (41.7, 45.7 and 49.1 emu/g, respectively) [47, 48] but higher than CuFe2O4 (50.63 Am 2 /Kg). These values are generally expected for nanosized materials. From the hysteresis, small size zinc ferrite nanoparticles exhibited low saturation magnetization compares to copper ferrite nanoparticles. Saturation magnetization (Ms) is an intrinsic factor of magnetic nanoparticles; it is influenced by the crystalline structure, chemical composition and method of preparation. The difference in saturation magnetization between CuFe2O4 and ZnFe2O4 may be due to the structural morphology, particle size and crystallinity of the corresponding nanoparticles. It has been reported that the magnetic properties are dependent on the method of synthesis and heating treatment. The exhibited coercivity of CuFe2O4 and ZnFe2O4 nanoparticles is 215.11 Gauss and 58.97 Gauss, respectively, and the values are strongly dependent on size. and coercivity (Hc). Normally, the magnetization in spinel ferrites arises due to the difference in the magnetic moments of cations which are distributed in the octahedral and tetrahedral sites. From the literature review data, when the particle diameter is 50 nm or less, the particles appear to have superparamagnetic character. However, in our case, particle size is found to be 56 nm for CuFe 2 O 4 and 68 nm ZnFe 2 O 4 , respectively. Both copper ferrite and zinc ferrite samples exhibit ferromagnetic behavior (see inset Figure 1a ,b) at room temperature with saturation magnetization for ZnFe 2 
Magnetic Analysis
Antioxidant Activity
The biocompatibility of biomaterials is limited by oxidative stress that results in inflammation, chronic diseases and other problems. Hence, there is a need to design a material which possesses antioxidant properties in order to increase biocompatibility. DPPH free radical scavenging assay method was used to determine the antioxidant activity of CuFe2O4 and ZnFe2O4 nanoparticles. It is evident from the results that both CuFe2O4 and ZnFe2O4 nanoparticles exhibited potent antioxidant activity at different concentrations ( Figure 5 ). However, between CuFe2O4 and ZnFe2O4, no significant difference was observed for antioxidant properties tested at all concentrations. However, free radical scavenging activities of both nanoparticles were inferior to the standard (ascorbic acid). The highest 
The biocompatibility of biomaterials is limited by oxidative stress that results in inflammation, chronic diseases and other problems. Hence, there is a need to design a material which possesses antioxidant properties in order to increase biocompatibility. DPPH free radical scavenging assay method was used to determine the antioxidant activity of CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles. It is evident from the results that both CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles exhibited potent antioxidant activity at different concentrations ( Figure 5 ). However, between CuFe 2 O 4 and ZnFe 2 O 4, no significant difference was observed for antioxidant properties tested at all concentrations. However, free radical scavenging activities of both nanoparticles were inferior to the standard (ascorbic acid). The highest scavenging activity was observed in ascorbic acid (58.11%˘1.52%) followed by ZnFe 2 O 4 nanoparticles (30.57%) and CuFe 2 O 4 nanoparticles (28.69%˘1.14%) at 125 µg/mL concentration. With increased doses of nanoparticles, the antioxidant activity was also increased correspondingly. This antioxidant activity could be linked to the transfer of free electrons from the oxygen atom of nanoparticles to free radicals present at the nitrogen atom of DPPH molecules. It has been reported that many of the metal nanoparticles can scavenge free radicals and act as antioxidants [49] . Moreover, a study by [36] reported that the antioxidant activity is mainly due to high surface to volume ratio of the nanostructures. Similarly, ZnO nanoparticles have shown to possess 91% scavenging activity at 250 mg/mL concentration [50] . In another study, CuO nanoparticles at 120 mg/mL concentration showed 85% DPPH quenching activity [36] . Also, CoFe 2 O 4 , Fe 2 O 4 and NiO nanoparticles were shown to exhibit relatively good antioxidant characteristics compared to their bulk materials [51] [52] [53] . However, systematic studies on the antioxidant properties of ferrite nanoparticles are not well documented. scavenging activity was observed in ascorbic acid (58.11% ± 1.52%) followed by ZnFe2O4 nanoparticles (30.57%) and CuFe2O4 nanoparticles (28.69% ± 1.14%) at 125 μg/mL concentration. With increased doses of nanoparticles, the antioxidant activity was also increased correspondingly. This antioxidant activity could be linked to the transfer of free electrons from the oxygen atom of nanoparticles to free radicals present at the nitrogen atom of DPPH molecules. It has been reported that many of the metal nanoparticles can scavenge free radicals and act as antioxidants [49] . Moreover, a study by [36] reported that the antioxidant activity is mainly due to high surface to volume ratio of the nanostructures. Similarly, ZnO nanoparticles have shown to possess 91% scavenging activity at 250 mg/mL concentration [50] . In another study, CuO nanoparticles at 120 mg/mL concentration showed 85% DPPH quenching activity [36] . Also, CoFe2O4, Fe2O4 and NiO nanoparticles were shown to exhibit relatively good antioxidant characteristics compared to their bulk materials [51] [52] [53] . However, systematic studies on the antioxidant properties of ferrite nanoparticles are not well documented. The result of our study is promising and provides a lead in the exploration of CuFe2O4 and ZnFe2O4 nanoparticles as a new source of antioxidants. 
Cytotoxicity Analysis
The cytotoxicity activity of CuFe2O4 and ZnFe2O4 nanoparticles at various concentrations against the MCF-7 cells (human breast adenocarcinoma cell line) using MTT assay is shown in Figure 6a ,b. The results revealed the dose dependent cytotoxicity effect of both ferrite nanoparticles. The highest cell viability (100%) observed at 0 μg/mL began to decrease gradually with the increased concentrations and exposure time from 24 h to 72 h. The highest toxicity effect was observed at 500 μg/mL where 17% and 20% cell viability was observed after 72 h in CuFe2O4 and ZnFe2O4 nanoparticles, respectively, suggesting high toxicity at higher concentrations. Similarly, previous studies also have shown the dose dependent cytotoxicity of several types of nanoparticles [20, 35, 37, 54, 55] . Interestingly, both nanoparticles were observed to be less toxic at lower concentrations up to 100 μg/mL where about 80% of the cells were viable. However, both nanoparticles' concentrations above 125 μg/mL exhibited higher toxicity towards MCF-7 cells. For CuFe2O4 nanoparticles, the concentration which inhibits 50% of the cellular growth (IC50) value was observed to be 415, 320 and 260 μg/mL after 24 h, 48 h and 72 h of incubation, respectively. While, ZnFe2O4 nanoparticles exhibited IC50 value of 310, 285 and 221 μg/mL after 24 h, 48 h and 72 h of incubation, respectively. This clearly suggests that ZnFe2O4 nanoparticles possess more toxicity compared to CuFe2O4 nanoparticles. This differential activity could be because of differences in their size, surface to volume ratio, shape as well as the magnetic properties as discussed in the earlier sections. Similarly, it has been reported that nanoparticles prepared from different bulk materials explicate their actions which mainly depends on the chemical composition as well as their sizes and shapes [56] . Our study is in agreement with the earlier reports where CaFe2O4 nanoparticles were 
The cytotoxicity activity of CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles at various concentrations against the MCF-7 cells (human breast adenocarcinoma cell line) using MTT assay is shown in Figure 6a ,b. The results revealed the dose dependent cytotoxicity effect of both ferrite nanoparticles. The highest cell viability (100%) observed at 0 µg/mL began to decrease gradually with the increased concentrations and exposure time from 24 h to 72 h. The highest toxicity effect was observed at 500 µg/mL where 17% and 20% cell viability was observed after 72 h in CuFe 2 O 4 and ZnFe 2 O 4 nanoparticles, respectively, suggesting high toxicity at higher concentrations. Similarly, previous studies also have shown the dose dependent cytotoxicity of several types of nanoparticles [20, 35, 37, 54, 55] . Interestingly, both nanoparticles were observed to be less toxic at lower concentrations up to 100 µg/mL where about 80% of the cells were viable. However, both nanoparticles' concentrations above 125 µg/mL exhibited higher toxicity towards MCF-7 cells. For CuFe 2 O 4 nanoparticles, the concentration which inhibits 50% of the cellular growth (IC 50 ) value was observed to be 415, 320 and 260 µg/mL after 24 h, 48 h and 72 h of incubation, respectively. While, ZnFe 2 O 4 nanoparticles exhibited IC 50 value of 310, 285 and 221 µg/mL after 24 h, 48 h and 72 h of incubation, respectively. This clearly suggests that ZnFe 2 O 4 nanoparticles possess more toxicity compared to CuFe 2 O 4 nanoparticles. This differential activity could be because of differences in their size, surface to volume ratio, shape as well as the magnetic properties as discussed in the earlier sections. Similarly, it has been reported that nanoparticles prepared from different bulk materials explicate their actions which mainly depends on the chemical composition as well as their sizes and shapes [56] . Our study is in agreement with the earlier reports where CaFe 2 O 4 nanoparticles were shown to exhibit high toxicity when used above 250 µg/mL concentration [40] , while MnFe 2 O 4 , ZnFe 2 O 4 , NiFe 2 O 4 nanoparticles at 100 µg/mL concentration have shown less cell viability [57, 58] . Gupta et al. (2005) [59] stated that the magnetic nanoparticles size ranging from 10 to 100 nm is considered to be ideal for their application in the biomedical field. This is due to easy infiltration into cells, increased surface area for attachment and high permeability in solution [31] . The high surface area of the nanoparticles means superior physico-chemical and mechanical characteristics compared to their bulk materials. In this study, we obtained ZnFe 2 O 4 and CuFe 2 O 4 nanoparticles with sizes of 56 and 68 nm, respectively, which is well within their capacity. The mechanism of these nanoparticles may be attributed to the generation of reactive oxygen species (ROS) due to increased intracellular Cu 2+ and Zn 2+ resulting in the subsequent failure of cellular redox machinery [60] . Recently, protein corona-ZnFe 2 O 4 nanoparticles were reported to show lower cytotoxic effects with improved therapeutic effects [61] . Also, superparamagnetic ZnFe 2 O 4 based nanostructures were used in magneto-photothermal therapy of prostate cancer cells (in vitro) and human glioblastoma tumors (in vivo) [62] . Moreover, Meidanchi et al. [63] reported the possible use of ZnFe 2 O 4 nanoparticles as radiosensitizers in cancer therapy. Therefore, the obtained nanoparticles in our study can be better explored in biomedical applications including cancer therapy, drug delivery and magnetic resonance imaging in the near future.
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Conclusions
Copper ferrite and zinc ferrite spinel nanoparticles were successfully prepared by the sol-gel self-combustion method. XRD nanoparticles showed appreciable antioxidant activity at lower concentrations. In vitro cytotoxicity study revealed their dose dependent activity against MCF-7 cells with higher toxicity observed at higher concentrations of nanoparticles. Concentrations below 125 µg/mL were found to be less toxic suggesting their biocompatibility at lower concentrations. As these synthesized nanoparticles exhibit biocompatibility associated with superparamagnetism, they can be better explored in the near future for various biomedical applications such as cancer therapy, drug delivery, imaging analysis.
